Rapid quenched powdered ribbons Nd 13.6 Co 6.6 Ga 0.6 B 5.5 Fe 73.7 (at. %) were hot pressed at 700º C. Next, the alloys were subjected to die-upset process through heating to 600, 750 and 1000º C and forged at a rate of έ = 1x10 -3 s -1 to the stage of deformation equal to ε = 60%. Directional grain growth occurs in the material during this treatment, which is beneficial due to the anisotropic magnetic properties obtained in such materials. Detailed analysis performed using transmission electron microscopy shows the tendency of micro structural changes in the magnet resulting from the application of different temperatures of the processes.
INTRODUCTION
Alloys NdFeB obtain their good magnetic properties thanks to the ferromagnetic phase Nd 2 Fe 14 B [1] . At higher neodymium content a paramagnetic phase appears, rich in neodymium. This phase contains 3-5 at. % of iron and trace quantities of boron. Its presence allows the anisotropic structure of the alloy to be formed by applying the appropriate treatment involving plastic deformation at a temperature when the phase rich in neodymium is in the liquid state i.e. above 650º C [2] . This finding has been received with some controversy [3, 4] and is further discussed in this paper. The effect of die-upset forging is discussed in a number of publications [4] [5] [6] [7] [8] . In this work some investigations by means of electron transmission microscopy show the direction of changes taking place in micro and macro-scale regions of the deformed alloy.
EXPERIMENTAL DETAILS
Alloys with the composition Nd 13.6 Co 6.6 Ga 0.6 B 5.5 Fe 73.7 (at. %) (magnequench alloys) were produced by rapid quenching from the liquid state. In this alloys neodymium content is above the composition of the intermetallic phase Nd 2 Fe 14 B. Powdered ribbons were hot pressed at a temperature of 700º C and subjected to die-upset forging. The samples were deformed after heating to T = 600, 750 and 1000º C at a rate of έ = 1x10 -3 s -1 to the deformation ratio equal to ε = 60 %. Deformation was conducted using a testing machine INSTRON 8035 with maximum compression force of 500 kN. Microstructure of the materials, including the shape and size of the grains in the direction parallel to the direction of deformation was observed using a Jeol transmission electron microscope JEM 100C. The phase analysis and the determination of the grains orientation in micro regions were conducted using electron beam diffraction (µD) and electron micro-beam diffraction (µµD). The specimens were prepared using ion beam milling. Processes taking place in the magnets whilst they were heated at a rate of 40º C/min up to 730º C were recorded by means of differential scanning calorimeter Perkin-Elmer DSC-7. These analyses were aimed at determining the effect of cobalt and gallium on the transition temperatures.
MICROSTRUCTURE OF MAGNETS
The structure of hot pressed magnets
The material used for the production of anisotropic magnets was a rapid quenched ribbon. Its structure consists of grains of 20-50 nm diameters (Fig. 1a) . Slightly flattened grains are randomly distributed amongst equiaxial grains. Their crystallographic orientation is also random. The structure of the material after hot pressing observed in the direction parallel to the direction of pressing shows an increase in the grain size (Fig. 1b) . This indicates that in order to obtain fine crystalline material after pressing it is necessary to use ribbon material of nanocrystalline structure. After hot pressing the grains are orientated randomly and, in the majority of cases, visible is also their slightly flattened shape. Their dimensions are typically 120x 60 nm. Some grains are surrounded by a thin layer of intergranular phase. The presence of elongated grains indicated their anisotropic growth occurred already at the pressing stage at 700º C i.e. in the presence of the liquid phase. A short duration of the process does not allow a significant growth of the grains. Electron diffraction in which reflexes are located uniformly on the circles confirms the nanocrystal structure with a random orientation of the grains after hot pressing (Fig. 1b) .
The structure of magnets deformed at 600º C
The characteristic picture of the magnet structure after die-upset forging at a temperature of 600º C in the direction parallel to the direction of deformation is shown in Figs 2a,b. The structure of the magnet consists of a parallel arrangement of elongated grains of varied lengths. The majority of grain sizes are 300 nm x 80 nm. The maximum length of grains approaches 600 nm. The characteristic feature of this structure is that the long edge of the grain is orientated perpendicular to the direction of deformation σ (indicated by arrows in Fig. 2 a, b) . However, some grains deviate from this direction by an angle of 30º (Fig. 2a) . At this magnification the intergranular phase is not visible. Its presence is revealed at higher magnification (Fig. 2b) where the intergranular phase 3 nm thick is visible. The orientated sequence of grains shown in Fig. 2a was subjected to detailed crystallographic analysis. Adjacent grains were subjected to electron micro-beam diffraction which is shown in Figs 2c,d . Despite using an electron beam of a very small diameter such a beam covers a number of very small grains. The electron diffraction patterns comprise diffraction originating from several neighbouring grains. It is therefore possible to determine their relative deviation. Fig. 2c shows diffraction from the grains A, B and C as indicated in Fig. 2a . In all grains the growth occurred along the plane (001) (visible on the picture as a direction [100] of grain B and [010] of grain C). But only in grain A the direction [001] is consistent with the direction of deformation. This indicates that it obtained the most favourable orientation during deformation. Directional growth occurred in grains B and C, however, there are slight deviations from the most favourable orientation by 7º and 10º respectively. The subsequently analysed grains D, E and F also deviate from the direction of deformation by 5º, 15º and 40º respectively. When the plane (001) is perpendicular to the diffraction image the angle of deviation of the axis c [001] may be read directly from the diffraction. In other cases the relative position of the grain can be determined from Wulff's grid [4] . From the observation both of the grain morphology and the electron diffraction it transpires that a directional growth took place in the plane (001). This proves that anisotropic growth of grains takes place in the magnet deformed at the temperature of 600º C, that is below the melting point of the intergranular neodymium-rich-phase in (which is 655º C in a three component NdFeB alloy). An explanation of this phenomenon can be found in the thermal analysis of the transitions taking place in the material while it is heated up to 730º C (Fig. 3) .
A sudden step corresponding to the Currie point (395º C) and exothermal effect at the temperature of 538º C are visible on the DSC curve for the magnet Nd 13.6 Co 6.6 Ga 0.6 B 5.5 Fe 73.7 (at. %). This corresponds to the melting point of the neodymium-rich-phase. An addition of cobalt into the alloy whose atoms take the place of iron within the crystalline matrix of the phase Nd 2 Fe 14 B raises the Curie temperature from 312º C [1] to 395º C. With respect to the three component alloy NdFeB the addition of gallium, which locates mainly in the phase rich in neodymium, has the effect of lowering the melting point from 655º C to 538º C. The structure of magnets deformed at 750º C Sequences of parallel grains can be observed on the images depicting the anisotropic structure for the magnets deformed at 750º C. Grains with dimensions reaching 900 nm x 220 nm in the direction parallel to the direction of deformation are shown in Fig. 4a . In such areas the grains are orientated with the long edge being perpendicular to the direction of deformation. On the basis of electron diffraction from the grains it has been established that the direction [001] is perpendicular to the preferential direction of grain growth (Fig. 4b) . The structure of magnets deformed at 1000º C During deformation at a temperature of 1000º C, which significantly exceeds the melting point of the intergranular eutectic phase (the phase rich in neodymium), there is a very significant growth of grains of the Nd 2 Fe 14 B phase ( Fig. 5a and b) . As was the case at lower temperatures, these grains have elongated shape ant their crystallographic direction [001] is consistent with the direction of deformation σ (Fig. 5c) . However, at this temperature the grain growth is very strong (to about 3,5µ). In some of them it is possible to identify the presence of a significant amount of dislocations (Fig. 5b) , which were absent in the materials deformed at lower temperatures providing much finer grain structure.
SUMMARY
• The directional grain growth takes place already during hot pressing. It is independent of the deviation of grain orientation from the direction of deformation.
• Anisotropic structure of magnets based on NdFeB with an addition of cobalt and gallium can be obtained during hot deformation at a temperature of 600º C that is below the melting point of the Nd 2 Fe 14 B.
• A strong growth of oriented grains takes place during deformation at a temperature of 1000º C. The structure of such material is not conducive to achieving good magnetic properties [5] .
